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POWERING PREDICTION FOR SURFACE EFFECT
SHIPS BASED ON MODEL RESULTS

Robert A, Wilson, Aerospace Engineer
teven M, Wells, Aerospace Engineer
Charles E. Heber, Aerospace Engineer
Aviation and Surface Effects Department
David W. Taylor Naval Ship Research and Development Center
Bethesda, Maryland 20084

Abstract

A method employing the laws of dyname sismlarity to
scale experimental model data is presented for predicting the
powering performance of large surface effect ships  The data are
reduced to ndividual components, including cushion wavemaking
drag. sidewall and appendage frictional and form drags. acrody-
namic drag, and seal drag.  These components are appropriately
scaled by either Froude or Reynolds scaling laws. Water channel
and model dimension effects on wavemaking drag are discuss.d
and a technique for calculating sidewall wetted area 1s presented.
An expenimrentally denved algonthm charactenzing seal induced
and frictional drag 15 explained. Drag predictions are compared
with expenmental trials data.

Introduction

The drag prediction techmque presently used for scaling the
model drag of a surface effect shap (SES) 1s different from that
developed by Froude i that both the frictional and wavemaking
drag terms can be accurately determined. The basic drag
components are broken down 1ato two classes (1) those due to
hi't provided by the pressure region which dimensionally (or
Froude) scale, and (2) those components which are due to
friction and must account for shin friction coefficient changes
with Reynolds number between the model and the prototype
The first theories! which were developed to descnbe the
resistance characteristics of the SES broke the components into
the wavemaking drag due to the pressure region and the
frictional drag of the sidewalls. Scal drag cstimates were based
on carly Bntish expressions denived for hovercraft. SES
technology has been significantly advanced since these early
estimations were made.  The vanious drag components have buen
studied extensively, largely through model expeniments, and are
now understood m much greater depth.

The resistance of an SES 15 usually ¢stimated erther from a
theoretial approach (which has usually been worrclated with or
supplemented by expenimental data) or onc whereby experimen-
tally denved model data are used uatensively, The theor tial
approach s used in parametnic or sizing studies where one
exarunes the effect of weight, length-to-beam ratio. or vthur
parameters of a generalized design. These parametric prediction
programs, however. may not be adequate to estimate the mmpact
of the sometimes subtle physical differences between speafic
designs such as sidew sl deadnse angle or chine effects, air-flow
rate etfects, or the mherent differences between planing or bag
and finger seals. These design related differences can only be
adequately evaluated through the use of model expeniments and
the analysis of the data. This paper summanzes a techmque used
by the Navy to calculate the resistance of a large prototype SES
based on model test data.

The msight 1nto understanding these components has
wmvolved many breakthroughs over the last decade. The ability
Copywrght @ Ametican Institute of Aeronautics and

Astronautics, Inc., 1978. All rights reserved.
Reproduced with permssion,

to measure the hydrodynamic forces on the seals i calm water
as well as in seds has been a major advancement. The anglys:s of
mformation contamed 1 numerous model photographs such as
the seal and sidewall wetting shown n the photograph of the
SES-100A1 model in Fig. 1 has also been sigmficant  Testing
techniques and anatysis procedures such as these have played a
major role 1 the development of the SEFS.

Fig. 1 ~ SES Model During Powering Experiments

Component Drag Discussion

The total drag Dy m the scaling program 1s brohen down
mnto components, The model acrodynamic drag component D,
 determined from speafic model tare experiments  Thas tare
value 15 later replaced by more appropnate wind tunnel results,
The wavemaking drag Dy ot the pressure region of the vushion
1s theoretivally caleulated  The inctional drag component Dy s
determuned through an accurate defimtion of the sidewall and
appendage wetted areas  The component nomunally referred to
as the residual drag D s pomanly compraed of the seal
trictional and induced drag and the sidewall and appendage torm
drags.

Fig 2 presents 4 breakdown of these vomponents s drag-to-
weight ratios for the SES-100B as a function of Froude number
tbased on cushion length) in a State 1 sea Thus figure shows the
residual (seal) drag dominating at subhump speeds, wavemahing
drag dommnating at or near the hump speed and frictional drag
dominating at higher speeds  Thus component breakdown is
typieal for mos* designs but van be influenced by design
vanations such as the seals or the spray rais.

The drag components are broken mto drag-to-weight ratio
D/W values. The total drag 1s then viewed as tollows
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Fig. 2 = Drag Component Breakdown
for the SES-100B in State 1 Sea

The following discussions in this paper deal with an under-
standing of these components and how they are scaled.

When workmg in model scale, one must understand
dimensional scaling. The following table shows how the
dimensions, forces, air-flow relations, and speeds of the model
scale to prototype size according to Froude scaling:

Length - Speed -2
Arca - 2% Pressure -A
Volume - \* Air Flow Rate - A2
Force -\’ Morments -

(Equivalent Cushion Length),

" (Equivalent Cushion Length)y

The subscripts P and M denote prototype and model,
respectively.

Wavemaking Drag

A vehicle meving through the water on a cushion of air
generates waves due to the action of the pressure region on the
water  This pressure region acts back on the vehicle to produce
lift plus a wave drag component. Fig. 3 presents plots of the
wave resistance parameter fg as a function of Froude number for
a family of length-to-beam ratio pressure regions as determined
from Newman and Poole’s theory,2 Note that the cushion
pressure and length are key parameters in calculating the wave-
making drag once the wavemaking resistance parameter is hnown.
The adequacy of this wavemaking drag calcutation has been
demonstrated for the air cushion vehicle. Experimental investi-
gations into the wavemaking drag of a hovercraft were made in
England by Hogben™* and have been shown to agree with
Newman and Poole's theoretical predictions in Reference 5.
These experiments were conducted in such a manner that only
the cushion acted on the water surface, no physival part of the
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Fig. 3 — Newman and Poole’s Wave Resistance Parameter

model touched the water surface. Since the SES has ngid side-
walls and seals immersed in the water generating waves which
interfere with the wave patterns generated by the pressunzed
field. the adequacy of the calculations agam is questioned.

Model experiments were conducted to venfy the use of
Newman and Poole’s predictions as well as to compare the
experimencd) results with the wave resistance predictions off
Doctors.® Doctors” predictions have pressure fall-off parameters
affecting the pressure rezion on the four sides, By varymng these
pressure fall-off paramicters, the shape of the wave resistance
characteristics with Froude number vary, predonunantly m the
subhump region, The results of the experiments’ showed that
Doctors' predictions with pressure fall-off parameter values of
a =50 and § = e matched the subhump data. Thus, Doctors®
wave resistance coefficient (Fig. 4) 1s used for calculating the
wavemaking resistance for an SES.
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Fig. 4 = Doctors’ Wave Resistance Coefficient

Because the cushion pressure is the hey parameter in
wlculating the wavemahing drag and the wavemaking drag
dominates in the hump region, the castest way to venfy wave-
making drog predictions 1< to vary the weight tand pressure) of
the model and to compare the measured drag changes with
predictions. This was done for the length-to-beam ratio 2.67
model and the results are shown m Fig. 5. Ths level of agree-
ment demonstrates that the theory s adequate to predict this
component for SES drag scaling. The spikes mn the total
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Fig. 5 = A Comparison of Measured and Predicted
Drag Variations with Pressure-to-Length Ratio

resistance curve at the secondary hump (Froude number ~ 0.4)
are predominantly seal induced and can be lowered by raising
the seals above the keel while traversing the secondary hump as
shown by the model result in Fig. 6. When the seals are raised
from their norma position Hg = 0, where the trailing edge of the
seal 15 at the keel, 1o a value of Hg = 0.36, where the seal has
been raised 36 percent of the cushion height above the keel, the
subhump drag has been reduced by more than a factor of 3.
When the seal is raised 18 percent (Hg = 0.18), the subhump and
hump drag values are nearly the same. Note however in Fig. 6
that the lowest drag at the primary hump (Froude number = 0.7)
15 with the seals located at the keel (Hg = 0).

The following equation presents the wavemaking drag-to-
weight ratio calculation for both the model and the prototype

which are the same.
Doy _ o (P) 2\, [09W\ /2\_(Pw
wi, TR\t o) TR ) o) T\W
M M \Pwg be? /y \PwE P

The value of the wave resistance coefficient R is
determined from Fig. 4. The values of the beam b and length ¢
of the cushion are determined from the model or prototype
drawings and 0.9 W/bR replaces the pressure term. The above
expression assumes that the water density of the model and the
full-scale ships are the same. The water density must be
properly accounted for both in determining the model weight
and the model and prototype wavemaking drag values.

The size of the model and the dimensions of the towing
tank must be properly scrutinized when interpreting model data,
The wave resistance curves in Figs. 3 and 4 are for the pressure
region passing over an infinitely deep and wide body of water.
The restricted towing basin does not always represent such a
body of water. Figs. 7 through 11 characterize the problems as
shown by Doctors.* Fig. 7 shows the predicted steady-state
wave resistance coefficient for a large model operating in a
towing tank; the infinitely wide and deep case is shown for
reference. The discontinuity for the finite tank case occurs at
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Fig. 6 — Seal Height Effects on Hump Traverse

the tank critical Froude number. The results of this figure show
that substantial corrections in the wavemaking resistance may
need to be made while testing in the restricted waters of the
towing basin,

Doctors’ unsteady wave resistance predictions have been
verified by specific experiments at the David W, Taylor Naval
Ship Rescarch and Development Center. The results shown mn
Figs. 8 through 11 show the dependence of the wave resistance
cocfficient with nondimensional time in the restricted channel.
Fig. 8 compares the predictions with experimental data at a
near-hump speed while Figs. 9 and 10 show similar data at
marginally subcritical (Fg = 0.904) and super-critical (Fg = 1.00)
speeds,  High speed experiments (FQ = 1,80) show no vanation
with nondimensional time as shown in Fig. 11.

The wavemaking resistance component calculated from
Fig. 4 is then corrected using the appropriate steady or unsteady
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Fig. 7 = Towing Tank Effects on
Wave Resistznce Coefficient

*Documented 1n a formal DTNSRDC report by Lawrence J. Doctors entitled,

“Unsteady Influences on a Sutface Effect Shup Model in a Towing Basin.”
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values of R, for the specific model and towing facility. Since
this is a time-dependent problem, the acceleration rate of the
¢arriage and point i time when data are taken in the towing
tank must also be considered.

Frictional Drag

The frictional drag component Dy is computed using the
relationship-

D, = ¢ ¥ v2a
The two important considerations here are the values of the
selected skin friction coefficient Cp and the wetted area A used
in the calculation The wetted areas scale as A2 as previously
shown, and Cj varies with Reynolds number. The following
discussion: describes the technique used to determine the wetted
area and the proper skin friction cocfficients.

Previous techniques for computing the wetted areas on the
sidewalls have assumed that model heave and tnim angles as
indicated from towing tank tests produce an accurate representa-
tion of the actual sidewall wetting. Photographs and movies
from model tests however indicate that at posthump speeds,
wetted areas determined from the heave and tnm data are
consistently smatler than the actual wetted areas observed.

Using the photographs from many model tests, an empirically
denived relationship between wetted area, trim angle, and Froude
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number has been determined. The height of the chine or spray
rail has been shown to have the greatest effect on wetted area.
Therefore the projected sidewall area below the chine Agy, was
used as a basis of comparison for determining sidewall wetting.
The sidewall area Agy is illustrated in Fig. 12 and is defined as
the length of the sidewall at the keel times the average height of
the spray rail or chine above the keel. The actual projected
wetted arca measured from test photographs Aypy Was then
expressed as a percentage of the sidewall arca below the chine:
Ay
PRONT = —==
SW

Typical sidewall wetting for an L/B = 2.0 SES at Froude numbers
of 1.12 and 2.81 is illustrated .n Fig. 13. The cases presented
Fig. 13 are for non-optimuin trims.

The ratio of the actual sidewall wetted area to the area
below the chine Aypp/Agw 15 plotted in Fig. 14 as a function of
Froude number for various trun angles. Curves of percent
wetted area for various fined tiim angles of tlus typical case are
shown, as well as an estimation of the percent wettg at
optimum trim which varies with speed. The curves will vary with
length-to-beam ratio, those in Fig. 14 were determuned for a
model with a length-to-beam ratio of 2.0.

The technique of determining the sidewall wetted area
becomes a matter of interpolating a value of percent wetted area
for the given L/B and trim angle. The projected wetted arca
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Ayt 15 then caleulated by multiplying the sidewall area below
the chine Agy by the percent wetting PRCNT,

Aygr = (PRCNT)(Agy)

Assuming a constant deadnise angle ¢, the actual wetted
arca of the sidewall is determined by dividing the projected area
by sin ¢. The wetted area of any flat portions of the keel and
the wetting on the cushion side of the sidewall are then added.

The mside wetting of the sidewalls at posthump speeds has
been observed from photographs to be zero when the seals are

wetting is calculated using the area between the keel and a
straight line connecting the lower tips of the bow and stern seals.
This straight line approximation does not apply to subhump
speeds, but because the frictional drag at these low speeds is
small, the straight line approximation is still applicable.

The above discussion applies to the calculation of sidewall
wetting in calm water. In rcugh water, additional area must be
added to account for the wetting from waves. This additional
area is equal to the corrected average waveheight F1/2.5 times
the length of the sidewall and is added to the inside wetting.
The outside of the sidewall is wetted to the spray rail or chine
in calm water (see Fig. 13) and therefore, operation in waves
generally does not increase the outside wetted area over that
observed in caln water.

To complete the calculation of full-scale friction drag, the
model and ship skin friction coefficients must be determined.
The approach taken in the aircraft industiy is used for the SES
where surface roughness 1s evaluated (as opposed to that usually
used by the ships community where the Schoenherr line is used
with a ACy added). The coeffivient of friction 1s a function of
Reynolds number and the cquivalent sand roughness k, of the
sidewalls. Reynolds number is based on the sidewall length at
the keel fgy which is approximately the wetted length. The
sand roughaess is an equivalent measure of surface irregulanties
on the outer skin. Most model sidewalls have smooth painted
surfaces and have shown (through the use of a profilometer) that
their roaghness is nominally 1 mil.

A roughness of nominally 1 mil 1s also considered to be
close to the roughness anticipated for a large vessel. This value,




however, produces a value of €y close to that determined from
analyss of standard ship scaling techniques and substantiated
with some full-scale data, Hoerner® notes that the American
Towing Tank Conference suggests that, due to ship roughness,

a ACy value of 0.0004 be added to the Schoenherr line Cy,.

In the Reynolds number range m question for large SES vehicles,
this happens to yizld an effective roughness of approammately

1 mil. This value of C; was obtained from studics of displace-
ment <Lips m the 15-25 knot range  An mteresting obsenation
by Hoemer i that the ratio of € of the shup (ncluding rough-
ness effects) to Cy,, the value deternuned from the Schoenberr
curve, increases as the speed wapability increases. This fact seems
reasonable when observing the Gy venus Reynolds number curves
from Schiichtmg ®  Schlichting Jhows that the slope of the
smooth Schoenherr curve is always negative, whereas curves of
constant ¢k values (charactenstic length/roughness factor)
become quite flat, and in some Reynolds number ranges, the
slope is slightly positive  The comments made by Hoerner
regarding this phenomenon were deduced from ship trials and
seem to correlate quite well with the above-discussed Cy versus
Reynolds number trend.

The value used for C; can be determmed from the followmg
eapressions for a wide range of vehicle sizes, roughness, and
speeds,  The Nirst expression 1s the Pranktl-Schiichting derivation
for the resistance of a smooth plate at zero meidence,

Cp = 0455 (log;, R )25

This equation corresponds (o boundary fayer flows that are
turbulent and vary only as a function of Reynolds number.
The second cquation is derived for sand roughened plates and
corresponds to a fully turbuient boundary layer.

0 \\~2§
Cp= (1.89+ 162 logy,, (é-))
3

Both of these expressions are used, dependent on the Reynolds
number and rovghness  Fig. 15 presents the skm friction
coefficient vanation with Reynolds number for a roughness
factor of 5 x 10* whuch 1s a typical value for a model For low
Reynolds numbers, such as are found on model appendages,
sand separation strips should be used to assure turbulent flow.
Modet expenments of the sidewalls tested with and without
sand separation strips show that the sidewalls are always in
turbulent flow

This discussion described how the skin fnction coefficients
and wetted areas for both the model and the prototype are
determuned  Thus, the relationshaps between model and proto-
type fric..~r al drag-to-werght ratios 1s as follows

W/ AW/ \Gy

Some typrcal I mad shin friction coefficient values are as follows,

Swe G
1/30-scale 3KSES Model 0.0033
1, 20-5cale 3KSES Model 0.0030
100-Ton Testeraft 0.0024
3KSES Prototype 0.00195

Appendare tocttenal drag s calculated m a manner similar to
the sidewall tncbional drag - Wetied areas < be determined
from drawme
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Fig. 15 = Numerical Computation of
Skin Friction Coefficient

Aerodynamic Drag

Hydrodynamic models poorly represent the aerodynamics of
the prototype design. As shown in Fig. 1, the models normally
do not have weather decks or superstructures. The local acrody-
namic flows present near the model m the towing tank are
similar neither in magnitude nor in direction to those expected
in the open water due to boundary layer differences and channel
and carriage flow disturbances. Reynolds number effects also
must be considered Because of these differences, t' ¢ aerodyna-
mic forces on the hydrodynamic model are measured as tares
using special test techniques. This model tare value for drag 1s
subtracted from the measured model drag Ieaving only the
hydrodynamic drag components. During the course of scaling
the individual drag components, wand tunnel data for the
appropriate configuration 1s substituted.

The equation used to calculate the aerodynamic drag Dy
of the prototype is:

Py
= -2
D, =Cp, 5 V2A;

where Cp, is the acrodynamic drag coefficient, The reference
area Ay is determmed as the product of the overall beam and

the height from the water to the weather deck, The aerodynamic
drag coefficient can vary from 0.3 for a clean hull with no
superstructure to 1.1 for a square design with a “dirty” super-
structure. If no acrodynamic drag coefficient 15 available, a value
of Cp, = 0.5 can be used for a reasonably designed craft.

Residual Dray

Residual drag Dy is the drag component remaimng after
subtracting the previously described components from the total
mode! drag. In terms of drag-to-weight ratio, this becr nes

Dy Dy Dy Dy Dy
W v v W v

The residual drag component 1s predominantly comprised of the
momentum drag, sidewall and appendage form drag, and seal
drag  The momentum and form drags are relatively small
quantities; the scal drag term represents the major portion of
the residual drag term.

The momentum drag occurs when the constant mass flow
entering from the fans into the cushion 1s brought from a parti-
cular velocity to zero velocity relative to the craft. In addition,
a cushion thrust is produced by the flow exiting under the stern
seal. The magnitudes of these two forces are equal within eaperi-
mental accuracy, and because the forees are opposing, the sum of
the momentum drag and cushion thrust are assumed to be zero.
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The sidewall and appeundage form and pressure drag terms
Dy are small but not negligible.  Both can be computed using
simple techniques.  For both, the form drag 15 equal to the sub-
merged crosssectional area multiphed by the average head of
water displaced.  This computational technique works very well
for the sidewalls. The appendages may require a correctional
term to account for appendage shaping. This, however, can be
done on a ¢ase-to-case basis  Both the sidewall and appendage
form drags Dy are Froude scaled.

The remamder and the larger portion of the residual drag
term, then, 1s predomumantly seal drag.  Scaling seal drag involves
tie breakdown of seal drag into seal frictional and seal induced
drag components, These components, once determined, then
must be sealed mdependently.

The deternmination of the magnitude of the seal forces is
described in two re, ~rts.* These reports describe the testing of
an SES model, segmented and instrumented to isolate the loads
acting on the bow and stern seal.  Figs. 16 and 17 show a set-up
photograph and a schematic of the model as tested, As shown,
the model consisted of three segments. One was the bow seal
modute, which contained the bow seal, a small portion of the
wetdeck and a short portion of the sidewall. The second module
was the centerbody and stern seal module which comprised the
bulk of the wetdeck and to which the stern seal was attached.
The third module was the sidewall support module which held
the bulk of *he sidewall. The three modules were attached to
each other ty means of two balances, yielding measured forces
as shown in the schematic. Three different seal designs were
tested i both catm and rough water. The bow seal designs
consisted of a planing seal, a finger seal, and a bag and finger
seal. The raw data from the tests vielded total forces acting on
the bow and stern seals due to cushion pressure and acrodynamic
and hydrodynamic influences. The model was instrumented in
such a way as to allow the extraction of the total hydrodynamic
seal drag (equivalent to the total scal drag being discussed here).

Fig. 16 ~ Seal Loads Model

Knowing the total seal drag, the model operating conditions

from the above tests, and the bow and stern seal attitudes, 1t
was then possible to caleulate the amount of total seal drag due
to frictiomal effects. The difference between the total seal drag
and the frictional seal drag 1s the seal induced drag. These
calculations were carried out for a planing type bow seal
conliguration for a variety of velocitics and sea conditions.

Fig. 18 shows how the seal drag scaling factor K varies with
ship Froude number for various sea conditions as determined
from the seal expenments. The factor Ky is the ratio of the seal
mnduced drag Dg, to the seal total drag Dgy. The figure shows
that there is a noticeable dependency of Ky on Froude number
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Fig. 17a — Scal Loads Model Schematic
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Fig. 17 = Scal Loads Model Components

*Documented 1 two DTNSRDC reports by CE Heber entutled *An Anadysis of Seal Loads and Their Effect on the Performance of a Surface
Effect Ship i Calm Water” and “An Anafysis of Seal Lvads and Their Etfect on the Performance of a Sutface Effect Stup in Rough Water.”
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Fig. 18 = Scal Drag Scaling Factor Variation
with Froude Number and Wave Height

(or speed). However, the data generally collapse with respect to
wave height variations. Although overall drag increases occur
with sea state, the relative amounts of induced and frictional
drag remain constant at particular velocities.  Similar data exist
for other seal types (finger. and bag and finger configurations)
but are not presented here.

At present, expressions are being develped to accurately
predict seal drag for the various seal designs previously described.
When this 1s completed, residual drag (in the true sense of the
word) will be very small and handled separately from the seal
drag. However, at the present time residual drag is scaled as

follows.*
D G D, >
(22 sk (2| (B
_<\V>“ HR =KD Cf“ ( W/

(*),

This expression separates the seat drag into its two components
by wirtue of the K; term  Then, that part corresponding to
frictional drag (1 - K;) » scaled utilizing Reynolds scaling: that
part corresponding to the induced drag K, is Froude scaled as is
the sidewall and appendage form and pressure drag.

Scaling Technique Correlation

The technique discussed mn this paper has been used to
compare scaled model data with full-scale trials data from the
SES-100B. Tie SES-100B trials were conducted sinular to model
exporuments, evaluating the effects of werght, lonptudmal center-
of-gravty location, arr flow rate, and <ea state,  The model
enperiments m seas were run o the same scaled stationary wave
spedtram measured dunng the trals program,  The data are
presnted m Fig,
presented m Figs. 19 through 21 for State 0, 1. and 2 seas,
respectively. The solid Tme is the scaled, fuired model data
while the dats points are tnals data.  The data are presented in
terms of drag-to-werght ratios because the trak data apply to
varymg weights due to fuel burnoff, These three figures show
the adequacy of the scalmg technigue,
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Fig. 21 = Corrclation of SES-100B
Data in a State 2 Sea

As further data become available, trials data from the
SES-100A with moduied seals and sidewalls wall be compared
to scaled model data to further venfy the scaling techmque. In
addition, data from the XR-5 trials will be compared to scaled
model data to venfy the scaling routines relative to higher
length-to-beam ratio surface effect ship designs,

*Docamented m + DTNSRDC report by SM Wells entitled “Rewdual Drag

Scahing of a Surtace Fect Ship Model m Sca State 6 at Nea-Hump Speeds ™
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